Limits of NMR structure determination using multidimensional NMR spectroscopy, variable target function calculations and relaxation matrix analysis were explored using the model protein ribonuclease T 1 (RNase T 1 ). The enzyme consists of 104 amino acid residues and has a molecular mass of approximately 11 kDa. Primary experimental data comprise 1856 assigned NOE intensities, 493
Introduction
When solving protein solution structures with the NMR methodology, the primary experimental NMR data, i.e. NOE intensities and 3 J coupling constants, have to be translated into geometrical restraints. While this procedure in itself is by no means trivial, it has been shown that the accuracy of this step critically affects the accuracy of the resulting structure (Olejniczak et al., 1984; Post et al., 1990; Thomas et al., 1991; Y. Liu et al., 1992; Zhao & Jardetzky, 1994) . Therefore numerous attempts have been made to improve both precision and accuracy of this translation step, thereby providing the``tightest'' restraints still compatible with the experimental data. Among these, a relaxation matrix analysis (Keepers & James, 1984; Boelens et al., 1988; Bru È schweiler & Case, 1994 , and references therein) so far certainly had the highest impact. Other methods to improve the precision of protein solutions structures include stereospeci®c assignments of prochiral groups , and the consideration of exchange rates upon derivation of distance information from NOE intensities (H. Liu et al., 1993) . However, the translation of NMR data into geometric restraints as well as the structure calculation itself is severely aggravated by the dynamic nature of proteins. Internal motions in proteins frequently occur on a time-scale not resolved by NMR spectroscopy, and NMR data therefore represent time-averaged as well as ensemble-averaged quantities. Recently, new protocols have been introduced to account for conformational¯exibility in the course of a protein structure re®nement, during which NMR restraints are treated either as time-averaged (Torda et al., 1989 (Torda et al., , 1990 (Torda et al., , 1993 Pearlman & Kollman, 1991; Schmitz et al., 1992; Fennen et al., 1995; Nanzer et al., 1995) or as ensemble-averaged properties (Scheek et al., 1991 , Kemmink et al., 1993 Bonvin et al., 1994; Bonvin & Bru È nger, 1996) . However, so far none of the aforementioned methods can be regarded as established, since both time-averaging and ensemble-averaging approaches may produce misleading results, such as arti®cally induced conformational transitions (Pearlman, 1994a,b) or overly imprecise structures Friedrichs et al., 1995) . Given the problems and artefacts associated with both approaches, we considered it worthwhile to explore the limits of à`s tandard'' structure calculation protocol with respect to the accurate description of conformational heterogeneity.
The protein studied is RNase T 1 (EC 3.1.27.3) from the fungus Aspergillus oryzae, one of the best known microbial enzymes (Pace et al., 1991 , and references therein). Its crystal structure has been determined both for the free form (MartinezOyanedel et al., 1991) and for RNase T 1 in complex with various inhibitors, e.g. 2 H GMP (Arni et al., 1988 ) and 3 H GMP (Heydenreich et al., 1993; Zegers et al., 1994) . The dynamic properties of the small enzyme (11 kDa, 104 amino acid residues), have also been studied extensively by a variety of biophysical methods including NMR spectroscopy (Fushman et al., 1994a) ,¯uorescence titrations and temperature-jump experiments (MacKerell et al., 1991) and molecular dynamics simulations (MacKerell et al., 1988 , Fushman et al., 1994b . RNase T 1 contains two disulphide bridges (Cys2-Cys10 and Cys6-Cys103), upon cleavage of which its enzymatic activity is lost. The protein catalyses RNA hydrolysis speci®cally at the 3 H side of guanosine nucleotides in a two-step mechanism. The ®rst step is a transesteri®cation to yield oligonucleotides with terminal guanosine 2 H ,3 H -cyclic phosphate, which in the second step is hydrolyzed to produce terminal guanosine 3 H -phosphate. The guanine binding site of the enzyme is formed by residues 42 to 46 and 98. The speci®city for guanine arises from a combination of hydrogen bonds and hydrophobic interactions. The catalytically active residues are His40, Glu58 and His92, with additional support in transition state stabilisation coming from Tyr38 and Arg77. The catalysis of the enzyme follows a general acid/base mechanism (Saenger, 1991) , the details of which have been debated for a long time (Inagaki et al., 1981; Heinemann & Saenger, 1983; Nishikawa et al., 1987; Steyaert et al., 1990; Steyaert & Wyns, 1993; Zegers et al., 1994) . From the crystallographic studies, it has been concluded that Glu58 performs the role of the catalytic base, supported by His40 engaged in a co-operative hydrogen-bonding chain. It has been proposed that His40 acts as the catalytic base (Nishikawa et al., 1987) . At the optimum pH of catalysis, however, His40 is protonated, as shown by NMR titration studies (Inagaki et al., 1981; and therefore not able to act as a base. For the catalytic acid, two proposals have been made: the crystallographers favour His92 as the acid that protonates the leaving group, while restrained molecular dynamics simulations based on NMR data indicated that His40 is more likely the catalytic acid (Hoffmann et al., 1988; Schmidt, 1990) .
We have determined a high-resolution structure of RNase T 1 , using multidimensional heteronuclear NMR spectroscopy, variable target function calculations performed with the program DIANA (Braun & Go Ä , 1985; combined with a relaxation matrix analysis performed with the program MARDI-GRAS (Borgias & James, 1990; H. Liu et al., 1992 H. Liu et al., , 1993 . Homo-and heteronuclear coupling constants have been determined for the backbone as well as for the side-chains of the protein. Novel strategies to generate stereospeci®c assignments of prochiral groups as well as torsional angle restraints from this information are presented. The collected data were suf®cient to generate 21 restraints per residue. Whenever possible, internal dynamics were taken into account upon restraint generation, considering amide proton exchange, aromatic ring¯ips, methyl group rotation and side-chain rotational dynamics. Direct comparisons with experimental data have been performed at various stages of the calculation protocol, both for structure selection and for structure validation. We assessed to what extent the ®nally selected ensemble re¯ects the known dynamic properties of RNase T 1 .
Results and Discussion

Structure calculation
Distance restraints derived from 928 resolved and stereospeci®cally assigned 2D NOE intensities were re®ned in ®ve consecutive cycles of relaxation matrix calculations in conjunction with a structure generation starting from 50 random conformations. Finally, 796 distance ranges were obtained from this relaxation matrix re®nement. The 181 lower distance limits greater than 4 A Ê were discarded from the structure calculation to account for possible damping of NOE intensities due to internal mobility or saturation transfer between water protons and labile protons of the protein during the relaxation delay (presaturation). These two effects are more critical for lower limits than for the upper limits. Lower distance limits derived from overesti-mated distances cannot be satis®ed and may disturb the ful®lment of other distance limits.
Including the distances derived from the 3D NOE experiments, 1856 upper distance limits and 615 lower distance limits were derived in total. Of these, 1464 upper and 555 lower distance limits turned out to be relevant for the structure calculation. On average, 14 upper and ®ve lower distance limits per residue have been determined.J HbCd coupling constants. From the analysis of the side-chain couplings, 75% of the non-degenerated b-methylene resonances and 80% of the resolved resonance pairs of diastereotopic methyl groups could be assigned individually. In combination with structure calculations, 55% of the side-chain amide proton resonances were assigned stereospeci®cally. However, the stereospeci®c assignments of the sidechain amide proton resonances were taken into account only after the relaxation matrix calculations.
The side-chain 3 J data analysis delivered 54 w 1 torsional angle restraints. Of these, 33 were determined precisely by numerical analysis comprising minimum and maximum ranges of AE5 and AE43
, respectively. The remaining 21 w 1 torsional angles were estimated qualitatively using the staggered rotamer model. From the 79 3 J HNHa and 57 3 J Ha(i)N(i 1) values, allowed intervals for 66 f and 48 c torsional angles were established. Altogether, 168 torsional angle restraints were obtained. Detailed statistics of all structural restraints derived from NMR data are given in Table 1 . The local distribution of the primary experimental data is depicted in Figure 1 .
Fifty DIANA conformers were calculated applying four REDAC cycles, followed by a cycle of minimization employing experimental restraints only. In the ®nal ensemble of conformers, the conformation of aromatic side-chains was analyzed with respect to the possible origin of NOE cross-peaks arising from their ring protons using a cut-off radius of 5 A Ê . Thus, a discrimination between their symmetry-equivalent ring protons was possible, despite their degenerate 1 H and 13 C chemical shifts. The precision of the ®nal ensemble, as monitored by the CRMSD values, improved considerably upon inclusion of individually assigned H d1 /H d2 and H e1 /H e2 NOE intensities. To assess the information content of our input data with respect to the correct geometry of the disulphide bridges, we did not restrain the C b and S g distances, as done frequently in addition to the cross-linking of the involved two half-cystine residues (Williamson et al., 1985) . Furthermore, no hydrogen bond restraints were applied during the structure calculations in order to avoid any bias (Havel, 1991) .
Selection of conformers representing the solution structure
The maximal pairwise CRMSD between conformer pairs as a function of the target function cut-off value has been used as a quantitative criterion for structure selection (Widmer et al., 1993) . A graphical representation of this correlation (Figure 2 ) displays a stepwise increase of the CRMSD values upon sampling of a larger conformational space by conformers with higher restraint violations, corresponding to a hierarchical clustering of conformers.
An inspection of Figure 2 shows that the difference in backbone and heavy-atom CRMSD values is of the order of 0.1 to 0.3 A Ê only, suggesting that most side-chains are well de®ned with respect to the backbone. It is obvious that the clusters obtained from both correlations are very similar. The only signi®cant difference was found in the region of $2.15 to 2.35 A Ê 2 for the logarithm of target function cut-off value: Here, individual clusters can be discriminated only from an inspection of the heavy-atom CRMSD values, indicating that the difference in the backbone conformational space sampled by these clusters is very small. Therefore the heavy-atom CRMSD was chosen for a further analysis. The clusters I, II, III, IV and V in Figure 2 include 15, 20, 34, 39 and 46 conformers, respectively. In order to address the question of which of these ensembles of DIANA conformers represents the solution structure of RNase T 1 most adequately, an unbiased criterion of structure selection has to be developed. Simply choosing the cluster with the lowest restraint violation might be misleading, given the fact that the violation of structural restraints is highly dependent on the model used for the conversion of primary experimental NMR data (e.g. NOE intensities and 3 J couplings) into geometric restraints. We therefore compared our primary experimental NMR data with the corresponding ensemble-averaged NMR parameters back-calculated from the individual clusters, expecting that deviations from the experimental data would provide us with a straightforward criterion for structure selection. Unfortunately, this does not hold for our case: the difference in the mean backbone JRMSD values as obtained from the ®ve different ensembles is of the order of 0.01 Hz for 3 J HNHa as well as for 3 J Ha(i)N(i 1) coupling constants (data not shown) and therefore insigni®cant. A similar situation is encountered upon back-calculation of ensemble-averaged NOE intensities: The ensembleaveraged Q-factor increases slightly, but continuously with an increasing number of conformers, spanning a range from 0.312 for cluster I up to 0.327 for cluster V. That failure in using ensembleaveraged NMR quantities and their deviations from the experimental data as a means for ensemble selection re¯ects the shortcomings of the employed``standard'' structure calculation protocol. Since every member of the ensemble rather than the ensemble as a whole has to ful®l the applied restraints, the accessible conformational space and the amount of restraint violation both increase upon inclusion of an increasing number of conformers, while the level of agreement with the primary experimental data remains almost constant. Obviously, the difference in both precision (as reected in the maximal pairwise CRMSD) and accuracy (as re¯ected by the restraint violations) between the individual ensembles is rather arti®-cial and not warranted by the experimental data.
If, however, the increasing conformational disorder associated with the different ensembles re¯ects genuine internal mobility, a solution to the problem should arise from a comparison of local disorder present in the different ensembles, with relaxation data re¯ecting dynamic properties of the protein in a more direct way. In order to relate conformational disorder with¯exibility, we compared global CRMSD values of the backbone with the order parameters derived from a 15 N relaxation time analysis. Global CRMSD values are a sensitive indicator for inconsistencies in long-range distance restraints, which might be due to different mobility of protein segments, a property accessible to relaxation time studies. Experimentally derived S 2 values re¯ect the spatial restriction of rapid motions only and therefore represent a lower limit on the actual degree of disorder present . The global backbone CRMSD of the structural clusters I to V is shown in Figure 3 , together with (1 À S 2 ) values originating from a 15 N relaxation time analysis of RNase T 1 (Fushman et al., 1994a) . Small values of (1 À S 2 ), correlated with spatially restricted motion, should coincide with a low global backbone CRMSD. From an inspection of Figure 3 , it can be seen that some of the``hot spots'' in the protein are the fragments 48± 55 and 82 ± 89, for which the relaxation data indicate an increased mobility. It should be noted that the (1 À S 2 ) values in fragment 82 ±89 show only a modest increase, as compared with the average values observed for secondary structure elements. However,
15
N transverse relaxation rates in this re- 2 ) values (Fushman et al., 1994a) . The conformers of the ensemble I and II, however, display an unrealistically small amount of conformational disorder in these regions. Only clusters of higher order (cluster III, IV and V) display a conformational manifold that is in agreement with the experimental 15 N relaxation data. It is evident from Figure 1 that the conformational disorder present in the backbone of segments 48± 55 and 82 ±89 is not caused by a lack of experimental data. A discrimination between clusters III, IV and V, however, could not be obtained from this type of analysis, which is not very surprising regarding the fact that only the side-chain conformational spread increases from cluster III onwards (see above). We therefore selected the minimum number of conformers that are in agreement with the available experimental data. The 34 DIANA conformers in cluster III were chosen to represent the solution structure of RNase T 1 . The mean global pairwise CRMSD value in this ensemble is 0.97 A Ê for the backbone, and 1.30 A Ê for the heavy atoms, including all residues for superposition.
Quality of the solution structure
Violation of structural restraints
The target function within the ensemble of 34 conformers ranges from 89 to 166 A Ê 2 for the individual conformers (average value: 123 AE 25 A Ê 2 ). The average violation of distance restraints is 0.08 A Ê for upper as well as for lower distance limits. Average violations for f, c and w 1 angle restraints are 2.10 , 0.25 and 2.19 , respectively. These values were obtained by dividing the sum of violations by the total number of these experimental restraints within the ensemble. The statistics of violated restraints are given in 3 J data improved considerably for the cluster containing these conformers. Possibly, the observed restraint violations are caused by a conformational equilibrium. This hypothesis is further corroborated by an exchange contribution to the 15 N linewidth of Asn84, which is the most pronounced of all observed residues in RNase T 1 (Fushman et al., 1994a) .
In the case of w 1 20 , the torsional angle restraint was de®ned quantitatively, resulting in a very tight allowed interval of 20
. The relatively high restraint violation for w 1 20 might be attributed either to an inappropriate angle range from the 3 J coupling constants caused by simpli®cations in the analysis of 3 J data (i.e. wrong models), or to systematic errors in the 3 J data themselves, which were not taken into account by the error analysis. The torsional angle restraint for w 1 20 might therefore be also inconsistent with the NOE data.
The majority of signi®cant violations of distance restraints are located in the fragment comprising residues 79 to 90. It includes a b-turn and a b-bulge structure (see Backbone conformation) and displays relatively low order parameters of the N-H vector ( Figure 3 ). Larger violations were observed (Fushman et al., 1994a) . It is evident that the conformers constituting cluster I (black) and cluster II (red), respectively, do not represent the conformational manifold indicated by the order parameters. The conformational space sampled by the conformers of the cluster III (green), however, is in agreement with the relaxation data.
for two long-range distance restraints between side-chain atoms of Val33 and Trp59 and between Tyr38 and Gly71, which are likely to be in¯uenced by slow segmental motions within the protein. The only strongly violated sequential distance restraint is located between the backbone atoms of Tyr42 and Asn43. The structural disorder in this region will be discussed in detail later.
The relatively large amount of restraint violations re¯ected also by the target function values might be due to a number of factors, including the models employed for generating structural restraints, spin diffusion effects or multiple conformations. The accuracy of the structural restraints, which are sometimes very tight, is strongly dependent on the (in)appropriateness of the motional models used for their generation. The dynamic models used for the interpretation of the side-chain 3 J couplings were not taken into account when interpreting the NOE data. In the case of the NOEderived distance restraints, approximately one half of the data resulted from the relaxation matrix analysis considering spin diffusion and``ensembleaveraging'', while the other half was generated using the isolated spin pair approximation, neglecting spin diffusion and internal mobility of methyl groups and aromatic rings. Given the fact that different motional models were included in the DIANA calculations, it is not surprising that in some cases inconsistencies between distance bounds and torsional angle intervals arise. However, the resulting violations are rather due to genuine internal mobility than due to an overinterpretation of the accuracy of experimental data, as becomes evident from a comparison of Figures Figure 4 . Deviations of (a) the back-calculated and averaged J coupling constants were back-calculated for every conformer and subsequently averaged over the ensemble of 34 conformers. For the data both indicate mobility, while the angular order parameters are high. This result may be indicative for a correlated motion of several amino acid residues in these regions, which does not require large local torsional angle transitions. Additional evidence for this hypothesis comes from the fact that local motion on a time-scale comparable with the overall rotational tumbling was derived from 15 N relaxation data for Gly7, Ser53 and Tyr56 (Fushman et al., 1994a) , whereas contributions from faster conformational exchange processes to the relaxation rates were observed for Tyr11, Asp15 and Ser17.
On the other hand, the low angular order parameters for backbone torsional angles of Asn43 and Asn44 do not coincide with the high S 2 values of these residues derived from 15 N relaxation studies. However, a slow exchange process has to be assumed to explain transverse relaxation rates of their backbone 15 N nuclei. A detailed analysis of the conformation of Asn43 and Asn44 is given below.
Agreement with primary experimental data
From Figure 6 , it is obvious that in some cases the ensemble averages of the 3 J HNHa and 3 J Na(i)N(i 1) coupling constants differ considerably from the experimentally determined couplings. The global JRMSD values for 3 J HNHa and 3 J Ha(i)N(i 1) coupling constants are 1.9 Hz and 2.3 Hz, respectively. These values signi®cantly exceed the precision of the experimental 3 J data. The discrepancy between experimental and back-calculated data re¯ects the shortcomings of the models and assumptions underlying the data analysis protocols at various stages:
First of all, the methods employed to determine the individual errors of 3 J values are based on a statistical error analysis, therefore giving an estimate of their (noise-dependent) precision only. Systematic errors originating from effects of relaxation (London, 1990; Norwood, 1993; Harbison, 1993; Norwood & Jones, 1993) have been neglected, and therefore the accuracy of the experimental values in some cases might be considerably lower than these estimates suggest.
Second, it is not always possible to translate 3 J values into torsional angles unambiguously, because the Karplus relation is not a single-valued function in a mathematical sense. Even with the aid of additional conformational energy criteria imposed on the possible solutions, we frequently ended up with multiple possibilities for backbone torsional angles f and c. Since the DIANA algorithm does not allow for multiple non-overlapping torsional angle restraints related to one torsional angle, we had to use allowed torsional angle intervals broad enough to include all possible solutions, thereby implicitly allowing for torsional angle values in between. As a consequence, the backbone conformation of some residues might be predominantly determined by NOE distances. However, if these distances are inaccurate due to the effects of internal motion or spin diffusion, the consequence will be a physically unrealistic (energetically unfavoured) virtual backbone conformation. It can be anticipated that the calculated structure will re¯ect these possible drawbacks. Indeed, from a comparison of Figures 4 and 6, it becomes obvious that in some cases, the ®nally calculated f angles violate the imposed restraint insigni®cantly or not at all, without necessarily being in agreement with the underlying experimental 3 J data. Third, when deriving backbone angle restraints from the 1 as a measure of local precision of the solution structure of RNase T 1 . The order parameters for the f and w 1 angles of proline residues, shaded black, were ®xed at À75 and 19 , respectively, during structure calculations. rigid backbone has been assumed. This assumption might not always be justi®ed (Fushman et al., 1994a) , and from a comparison of Figures 6 and 3 , it is obvious that signi®cant deviations from experimental 3 J HNHa values coincide with internal¯exi-bility.
Finally, any comparison between a given protein structure and experimental 3 J data will re¯ect the (in)accuracy of the underlying parametrisation of the Karplus relation. Despite the fact that the calculated JRMSD value for the 3 J Ha(i)N(i 1) couplings includes a smaller number of values than for the 3 J HNHa couplings (57 versus 79 residues), the corresponding mean JRMSD value is signi®cantly higher for 3 J Ha(i)N(i 1) coupling constants (see above). It seems unlikely that¯exibility should exhibit differential effects on the two types of backbone-related 3 J couplings, since the backbone internal motions are usually associated with correlated f/c¯ips (Porter et al., 1983 and references therein; Fushman et al., 1994b) . The intrinsic accuracy of the two methods used to determine 3 J NNHa and 3 J Ha(i)N(i 1) coupling constants is also similar, since different transverse relaxation rates of in-phase and anti-phase coherences will affect both the J-modulated HSQC experiment and the E.COSY-type 15 N-HMQC-NOESY (Norwood, 1993; Norwood & Jones, 1993) . It seems therefore justi®ed to question the accuracy of the Karplus parameters reported for 3 J Ha(i)N(i 1) . Especially the minimal value of À6.4 Hz predicted for a-helical conformations with c À60 appears unlikely, regarding the observation that only one of the residues located in the a-helix of RNase T 1 exhibits a value 3 J Ha(i)N(i 1) < À2.4 Hz. In fact, a recently published new parametrisation for 3 J Ha(i)N(i 1) (Wang & Bax, 1995) predicts a minimal value of À1.76 Hz associated with c À60
, while the overall shape of the new curve is very similar to those previously reported (Pople et al., 1968) . With the new set of Karplus parameters used for backcalculation of 3 J Ha(i)N(i 1) couplings from the ensemble of DIANA conformers, the mean JRMSD value drops to 1.01 Hz, indicating that this set indeed gives a better description of the torsional angle dependence of 3 J Ha(i)N(i 1) in proteins than the previously reported parametrisation based on INDO calculations.
In order to assess the agreement between the primary NOE data and the ®nal structure, Q-factors were computed (see Materials and Methods). At the end of the MARDIGRAS re®nement the ensem- The violations of distance restraints were calculated as averaged accumulated violations per residue relative to the number of used restraints, i.e. violations of a given distance restraint were averaged among the 34 conformers and the average violations were distributed equally between the involved atoms. All these average violations were then accumulated for every residue and divided by the number of distance restraints per residue.
ble-averaged Q-factor had a value of 0.31 including all NOE intensities subjected to the relaxation matrix re®nement. At this stage, torsional angle restraints were not yet included in the structure calculation to avoid possible inconsistencies with the NOE data. Therefore, corresponding calculations were performed for the ®nal ensemble of conformers, giving rise to a slightly increased ensembleaveraged Q-factor of 0.32. The ®nal ensemble-averaged Q-factor corresponds to a relative intensity error of 5%, as re¯ected by the ensemble-averaged IRMSD value.
Ramachandran plot quality
The individual backbone conformations of all residues in the ®nal DIANA ensemble are presented in the Ramachandran maps shown in Figure 7 . According to an analysis with the program PRO-CHECK (Laskowski et al, 1991) , 56.9% of the residues are located in most-favoured regions, 41.7% in allowed regions, and 1.4% in disallowed regions (data not shown). A comparison of the three panels indicates that the majority of residues found in energetically unfavourable regions are either glycine residues (comparing upper and middle panel) and/or residues exhibiting signi®-cant backbone conformational disorder, i.e. S(f) and S(c) < 0.9 (comparing upper and lower panel). All of these residues were found to be located in loop or turn regions (see Backbone conformation).
Hydrogen bonds
Hydrogen bonds were identi®ed in the DIANA conformers whenever the corresponding hydrogen to oxygen distances were 43.0 A Ê and hydrogendonor-acceptor angles 460 . In total, 299 different hydrogen bonds were detected in the ®nal DIANA ensemble. Of these hydrogen bonds, 49 were present in all members of the ensemble, and 113 hydrogen bonds had a population 520%.
In general, the observed hydrogen bonds are in excellent agreement with the experimentally observed amide proton exchange rates (unpublished results). Nearly all of the slowly exchanging amide protons (i.e. with an exchange rate <0.004 s À1 at pH 5.5 and 313 K) are found to be involved in hydrogen bonds. The only exceptions are the backbone amide protons of residues 4, 38, 48, 62, 67, 68, 85 and 102 , and the side-chain amide protons of Asn81 and Trp59. For Tyr4, the distance between the amide proton and the carbonyl oxygen atom of Tyr11 slightly exceeds the limit for a hydrogen bond. All other mentioned amide protons exhibit hydrogen bonds to bound water molecules (unpublished results).
Disulphide bridge geometry
All DIANA conformers show the correct pattern of the two disulphide bridges in RNase T 1 , although the calculations did not include any explicitly de®ned distance ranges for the C b and S g atoms between the half-cystine residues. Obviously, the input data contained enough information to allow for a correct formation of disulphide bonds between Cys2 and Cys10 as well as between Cys6 and Cys103. However, as a consequence of this rather puristic approach, the disulphide bond lengths in the ®nal ensemble deviate somewhat from the ideal value of 2.0 to 2.1 A Ê : The sulphur atoms in the Cys2-Cys10 bridge are 2.9 AE 0.7 A Ê apart, and in the Cys6-Cys103 bridge their distance is 1.3 AE 0.2 A Ê . In case of the Cys2-Cys10 bridge, the increased average disulphide bond length, as compared with the ideal value, is associated with a mixed chirality of this disulphide bridge (see below). Even in test calculations with explicit upper and lower distance limits for the corresponding sulphur atoms (data not shown), ideal bond lengths were not observed.
An analysis of the side-chain torsional angles of the cysteine residues exhibits some remarkable differences in the conformations of the two disulphide bridges (Table 3) . While the Cys6-Cys103 bridge uniformly adopts a right-handed conformation (corresponding to the ideal value of w 3 90 ) throughout all calculated conformers, both right-handed and left-handed conformations are found for the Cys2-Cys10 bridge. The chirality observed for the Cys6-Cys103 disulphide bridge was found also in the crystal structure (MartinezOyanedel et al., 1991) , while the Cys2-Cys10 disulphide bridge in the crystal adopts a uniform chirality with w 3 À90 . However, several lines of evidence suggest that the mixed chirality of the Cys2-Cys10 disulphide bridge is a genuine property of the solution structure and not caused by a local lack of data. For all four cysteine residues, tight w 1 torsional angle restraints were obtained from a quantitative analysis of w 1 related 3 J couplings. Moreover, b-methylene protons of three cysteine side-chains were assigned stereospeci®cally, the only exception being Cys2. According to the coupling constant analysis, Cys2 is also the only residue adopting an eclipsed conformation about the w 1 angle (w 1 0 AE 6 ). This non-staggered rotameric state is energetically unfavourable and might be regarded as an artefact of the simpli®ed motional models applied for the analysis of 3 J couplings (Karimi-Nejad et al., 1994) . On the other hand, eclipsed rotameric states were found for cysteine residues in peptide disulphide bridges (Fishman et al., 1980; Dz Ïakula et al., 1996) . We have experimental evidence that the Cys2-Cys10 disulphide bridge experiences rotational isomerization in solution. Reinvestigation of 15 N relaxation times of RNase T 1 without presaturation of the water resonance during NMR experiments (C. Ludwig & H. R., unpublished results) gave a T 1 /T 2 ratio for Cys2 signi®cantly larger than the average value in RNase T 1 , suggesting an exchange process in the neighbourhood of the N-H vector of Cys2. These investigations indicate that the N-H vector of both Cys2 and Cys10 is relatively mobile. Interestingly, the two families of conformers associated with the different chiralities of the Cys2-Cys10 bridge also exhibit differences in the backbone conformation of the N-terminal b-sheet and of the ®rst part of the a-helix, which are correlated with their respective disulphide bridge chirality (Figure 8) . From 15 N relaxation data, it is known that this N-terminal region is indeed mobile (Figure 3 , lower panel), and there is evidence from these data for a slow conformational exchange process located in this area of the protein (Fushman et al., 1994a; C. Ludwig & H. R., unpublished results.) Description of the solution structure of RNase T 1 Backbone conformation Figure 9 shows the backbone of the DIANA conformers representing the solution structure of RNase T 1 . The consensus secondary structure elements in the ensemble were identi®ed considering the following criteria: (1) hydrogen bonds occurring in more than 50% of the conformers; (2) slowly exchanging amide protons; and (3) average backbone torsional angles f and c. The average values of the backbone torsional angles f and c of RNase T 1 are plotted in Figure 11 . In order to identify secondary structure elements from these torsional angles, we used idealized geometries and hydrogen-bonding pattern as given by Richardson (1981) , with tolerances of AE30 for backbone torsional angles de®ning a-helices, and a corresponding tolerance of AE50 for b-sheets. According to the above-mentioned criteria, the secondary structure elements observed in all crystal structures of RNase T 1 are present in solution. The residues Ser13 to Asp29 of RNase T 1 form an a-helix with the typical hydrogen-bonding patterns including residues 12 to 30. The side-chains of Asp3, Ser12 and Ser13 form partially populated hydrogen bonds with the backbone amide protons of residues 13 and 14, thus``N-capping'' the helix. The two C-terminal residues of the helix, however, exhibit backbone torsional angle values and hydrogen-bonding patterns more characteristic for 3 10 -helices. The a-helix is slightly more bent at the Nterminal region than in the crystal structures of both complexed and uncomplexed RNase T 1 (Martinez-Oyanedel et al., 1991; Arni et al., 1988; Heydenreich et al., 1993) . The curvature points away from the segment 65 ±67 towards the segment 81 ± 84.
The N-terminal segments Tyr4-Cys6 and Asn9-Tyr11 form a short antiparallel b-sheet in the crys- tal. In solution, these segments are less well de®ned. The backbone conformation is more reminiscent of two extended segments connected by a bend including hydrogen bonds between residues 8 and 6 as well as 7 and 5.
The central antiparallel ®ve-stranded b-sheet present in the crystal structure of RNase T 1 is formed in solution. The b-sheet comprises residues Tyr38 to His40, Tyr57 to Ile61, Asp76 to Asn81, Gln85 to Thr91 and Phe100 to Cys103. The hydrogen-bonding pattern between the backbone segments 76± 81 and 85 ±91 is disturbed by insertion of residues in the latter strand, residue 79 forming a classical bbulge with the dipeptide 87± 88. While the location of the strands II, III and V of the antiparallel ®ve-stranded b-sheet agrees exactly with that of the crystal structure, strand I as well as strand IV have different locations: in the crystal, strands I and IV comprise Pro39 to Tyr42 and Asn84 to Ile90, respectively.
Between the residues 81 and 89, in solution two distinct backbone conformational families ( Figure 9 ) were found associated with two different values of the torsional angle f of Asn84, À80
and 100 . The observed conformational heterogeneity is corroborated by the results of 15 N relaxation studies, according to which Asn84 is clearly involved in an exchange process (Fushman et al., 1994a) .
Several b-turns could be identi®ed in the solution structure of RNase T 1 . They were classi®ed according to idealized backbone torsional angle values as given by Richardson (1981) . The a-helix is preceded by a b-turn type III, comprising residues 12 to 15, and followed by a b-turn type III, formed by residues 27 to 30. A b-turn type II H is present in the segment 33± 36; the turn is preceded by a short extended segment including residues 30 to 33. A b-turn type I follows strand II of the antiparallel b-sheet, formed by residues 62 to 65. A b-turn of the same type is located between strands III and IV of the antiparallel b-sheet, formed by residues 81 to 84. The b-turn between strand IV and V belongs to the type II family; it includes residues 92 to 95. Residues 48 to 50 form a g-turn. All of these turns were found in the crystal structure (MartinezOyanedel et al., 1991) at exactly the same locations, with the exception of the turn including residues 33 to 36, which is located between 34 and 37 in the crystal structure.
Different types of conformational disorder are found in the large loop regions of the enzyme. The loop segments comprising residues Gly34 to Ser37, Tyr68 to Ala75 and His92 to Asn99 display a diffuse disorder in their backbone conformation, correlated with a continuous distribution of their torsional angles f and c over a broad range. All of these loops are in close vicinity, located on the surface of the molecule towards the incoming substrate. For the loop composed of residues His92 to Asn99, high mobility was inferred from 15 N relaxation data. The other two loops owe their imprecise de®nition more likely to a lack of data caused by their high glycine content. No 3 J coupling was measured for glycine residues and they cause a lack of NOE data due to a low atom-packing density.
On the other hand, the guanine recognition loop formed by residues Lys41 to Ser54 exhibits two clearly different conformations, related to the discrete disorder of the backbone of residues Tyr42 to Tyr45. Signi®cant exchange contributions for the 15 N transverse relaxation rates were detected for residues His40 to Asn44 (Fushman et al., 1994a) , proving that the structural heterogeneity in this loop region re¯ects a genuine conformational exchange process going on in solution (see The active site of RNase T 1 ). Figure 10 shows the mentioned differences between the backbone conformation in solution and in the crystal (Martinez-Oyanedel et al., 1991) . In order to assess the signi®cance of the structural differences, it is necessary to quantify the uncertainty of atom positions within both the solution structure and the crystal structure. Because CRMSD values describing atomic deviations in NMR structures and B-factors describing atomic deviations in crystal structures (B hÁ x 2 i) do not exactly match in their information content, these measures of precision were normalized as given by Billeter (1992) . Before normalization, the CRMSD values and B p values were calculated as the average of the N, C a and C H atoms of each residue, thereby including all residues for the superposition of structures. We ®rst assumed that differences between the solution and the crystal structure that exceed the normalized precision of each structure by more than 0.5 standard deviation can be regarded signi®cant. Considering this criterion, signi®cant differences between the two structures were found for residues 10 to 15, 47, 63 to 66, 71 and 84. For the residues 10, 47, 63 and 71, packing effects between neighbouring protein molecules in the crystal (Martinez-Oyanedel et al., 1991) provide an explanation for the structural differences. In several crystal structures of RNase T 1 a chain of water molecules attached to residues 62 to 68 was found (Malin et al., 1991) . However, in the calculation of the solution structure, water molecules were not explicitly included. These water molecules in the crystal might explain the structural differences for residues 63 to 66. The differences of the backbone conformation comprising residues 10 to 15 and 84 might originate from freezing single conformations of these protein fragments in the crystal. This hypothesis is supported by the fact that the normalized B p values of these residues (Figure 10 ) are much smaller than the corresponding normalized CRMSD values within the solution structure. Here, the increased CRMSD values of the mentioned residues re¯ect the observation of multiple distinct conformations rather than a low precision of the solution structure (see also Figure 9 ). The same situation holds for Asn43, and therefore the precision of its coordinates in the solution structure also appears rather low. As a consequence, the coordinate differences between the solution and the crystal structure for this residue seem to be statistically insigni®cant, applying the above-mentioned criterion. On the other hand, according to the precision within each of the two conformational families present in solution, the differences between solution and crystal structure would ful®l the signi®cance criterion for one of these conformational families (see also Geometry of the catalytic and guanine recognition site). It is evident from this case that an overall comparison on the basis of CRMSD values might be a somewhat simpli®ed approach for the description of structural differences in the presence of distinct disorder. Figure 11 shows the average values of the w 1 angles in the solution structure of RNase T 1 . For 81 residues of the enzyme, a torsional angle w 1 is de®ned, the remaining residues being alanine or glycine. Proline w 1 angles were ®xed at 19 due to steric aspects of the ring.
Side-chain conformations
The majority of these 81 side-chains is well de®ned in the solution structure, as indicated by their high angular order parameters ( Figure 5, bottom panel) . Only 14 residues (17%) have disordered sidechains, corresponding to S(w 1 ) < 0.9. The accurate w 1 torsional angle restraints, together with the stereospeci®c assignments of the majority of bmethylene protons, allowed for a high level of precision in the determination of side-chain conformations (Figure 12 and 13) .
The active site of RNase T 1
Hydrogen bonds in the active site NMR observations of bound water molecules in RNase T 1 (unpublished results) revealed that some of the residues in the guanine recognition site of the enzyme are hydrated. In agreement with these results, intra-protein hydrogen bonds involving the corresponding functional groups were de- Figure 11 . Average values of the torsional angles (a) f, (b) c and (c) w 1 within the ensemble of the solution structures of RNase T 1 . The f and w 1 angles of proline residues, shaded black, were ®xed at À75 and 19 , respectively, during structure calculations. tected in only a minority of conformers of the solution structure ensemble. These ®ndings are in good agreement with the crystal structure of RNase T 1 (Martinez-Oyanedel et al., 1991) , for which a hydration of the same residues has been reported. However, contrary to the crystallographic results, no hydrogen bond was found be- , both of which are involved in the catalysis of the enzyme. However, the carboxylate group of Glu58 is hydrated in solution (unpublished results), and it is possible that a water molecule bridges the distance between the carboxylate group of Glu58 and His40 H e2 . A different hydrogen-bonding pattern was observed for the catalytic site in the X-ray analysis. Hydrogen bonds were found between His40 H e2 and Glu58 O e1 , Arg77 H e and Glu58 O e2 , Arg77 H Z22 and Tyr38 O Z . The subtle differences in the hydrogen-bonding network re¯ect the different geometries of the active site in solution and in the crystal, respectively (see below).
Geometry of the catalytic and the guanine recognition site
In Table 4 , average values and standard deviations of w 1 angles, calculated from the ensemble of 34 DIANA conformers, are compared with the w 1 angle values present in the crystal structure of RNase T 1 (Martinez-Oyanedel et al., 1991) . The most striking differences are found for the sidechains of Asn44 and Tyr45. While in the crystal structure, Asn44 adopts a side-chain conformation oriented towards the phenolic ring of Tyr42 with w 1 À 167 , a w 1 value of 78 is found for Asn44 in Figure 12 . Stereo view of the guanine recognition site of RNase T 1 in solution. Using all heavy-atoms for superposition, (a) the ensemble of the solution structure is shown in comparison with (b) the crystal structure of nucleotidefree RNase T 1 (red), of RNase T 1 in complex with 2 H GMP (orange) and of RNase T 1 in complex with 3 H GMP (green). Only heavy-atoms are displayed. solution, resulting in a different orientation of its side-chain amide group (Figure 12) . The side-chain of Try45 exhibits a w 1 angle of 63 in the crystal. In solution, Tyr45 adopts a side-chain conformation corresponding to a w 1 value of À98 , resulting in a completely different orientation of its phenolic ring (Figure 12) .
A comparison of the solution structure of RNase T 1 with the different crystal structures of the enzyme, corresponding to a nucleotide-free active site (Martinez-Oyanedel et al., 1991) , a complex with the nucleotide 2 H GMP (Arni et al., 1988) and a complex with the nucleotide 3 H GMP (Heydenreich et al., 1993) , respectively, reveals some interesting features of the guanine recognition site (Figure 12 ). In solution, the phenolic rings of Tyr45 and Tyr42 are stapled above each other, with their ring planes including an angle of about 45
. Note that the distance between the two rings is too far to describe this arrangement as a stacking interaction in a strict sense. The orientation of the aromatic ring of Tyr45 is similar to that found in nucleotide complexes of RNase T 1 , and it is regarded to be crucial for guanine recognition. In the crystal structure of the uncomplexed RNase T 1 , however, the aromatic ring of Tyr45 points away from its counterpart, forming a hydrogen bond to a bound water molecule. So far, it has been assumed that the stapled arrangement of Tyr42 and Tyr45 occurs only in the presence of substrate,``sandwiching'' the guanine base and thereby stabilizing the enzyme-substrate complex. From the NMR structure, however, it is evident that this arrangement is already preformed in the absence of a substrate. Evidence for Figure 13 . Stereo view of the catalytic site of RNase T 1 in solution. Using all heavy-atoms for superposition, (a) the ensemble of the solution structure is shown in comparison with (b) the crystal structure of nucleotide-free RNase T 1 (red), RNase T 1 in complex with 2 H GMP (orange), and RNase T 1 in complex with 3 H GMP (green). Only heavy-atoms are displayed. a rotational mobility in the tyrosine side-chains, which is necessary to allow for the substrate accommodation in the active site, comes from the analysis of side-chain 3 J coupling constants. According to these data, both tyrosine side-chains display restricted rotational¯exibility about the C a -C b bond, corresponding to broad Gaussian distributions around an average w 1 angle (Karimi-Nejad, 1996). From the identical 1 H chemical shifts of the symmetry-equivalent ring protons of Tyr42 as well as Tyr45, it is also evident that both phenolic rings undergo rapid``ring-¯ipping''.
The conformation of the Glu46 side-chain in solution is also quite interesting with respect to the orientation of its carboxylate group. Two different conformer families associated with two different orientations about the w 2 torsional angle can be distinguished ( Figure 13 ). They are de®ned with different degrees of precision. The conformer family with the higher precision adopts a conformation just between the two different orientations of this side-chain found in nucleotide-free and complexed RNase T 1 crystal structures, whereas the conformer family with the lower precision resembles the different orientations of all considered crystal structures.
A closer inspection of Figure 9 reveals that also in the backbone of the guanine recognition loop, two families of conformers can be distinguished. These two well-de®ned families again correspond to different backbone conformations found in crystal structures of complexed and nucleotide-free RNase T 1 , respectively. In the crystal structure of nucleotide-free RNase T 1 , c 43 adopts a positive value, while f 44 is negative. Upon complexation, the values of these backbone angles change their sign in an anti-correlated manner, leading to a different orientation of the Asn43-Asn44 peptide bond. This peptide bond¯ip is necessary to allow for hydrogen bond formation between the amide proton of Asn44 and the O-6 of the guanine base in the substrate (Martinez-Oyanedel et al., 1991) . In solution, both orientations of the Asn43-Asn44 peptide bond are present, corresponding to two different sets of values for c 43 and f 44 , respectively. This conformational heterogeneity is in excellent agreement with the results of 15 N relaxation studies, and molecular dynamics simulations, during which anti-correlated transitions of the torsional angles c 43 and f 44 have been observed (Fushman et al., 1994b) .
From Table 4 , it is obvious that the side-chain conformations of the catalytic site residues Tyr38, His40, Glu58, Arg77 and His92 are very similar to those present in the crystal structure of nucleotide- ; w 2 92 À58 ). As a consequence, the imidazolium ring of His40 is¯ipped by 180 with respect to its orientation in the crystal of nucleotide-free RNase T 1 . Instead, the ring exhibits an orientation identical with that present in crystals of RNase T 1 complexed with 2 H GMP. In contrast, the orientation of the imidazolium ring of His92 is``halfway between'' those reported for the nucleotide-free enzyme and the complex with 2 H GMP, respectively ( Figure 13 ). The orientation of the phenolic ring of Tyr38 in solution differs from its orientation as determined in all three crystal structures ( Figure 13 ). The w 2 angle of Tyr38 in solution is À141 AE 5 , while in all three crystal structures a value around À75 was found. For Glu58, conformational disorder about the w 2 angle is found in the solution structure ensemble, resulting mainly in two different orientations of its carboxylate group. One of these orientations is similar to that present in all three crystal structures. The majority of the DIANA conformers, however, adopt a signi®cantly different w 2 value, associated with the Glu58 carboxylate group pointing towards the imidazolium ring of His40.
As mentioned already in Introduction, controversy exists regarding the role of the residues His40, Glu58 and His92 in the catalytic mechanism of RNase T 1 . The solution structure of the enzyme presented here certainly represents a high-resolution NMR structure, with a suf®cient amount of both precision and accuracy to justify detailed comparisons with the highly resolved crystal structures of the enzyme. Signi®cant structural differences upon comparison with crystallographic results were found in the recognition site as well as in the catalytic site of RNase T 1 . An interpretation of these ®ndings with respect to the catalytic mechanism of the enzyme would be speculative, the reasons for this being twofold: (1) the NMR data available for complexes for RNase T 1 in our laboratory are sparse compared with the extensive amount of NMR parameters collected for the c According to Martinez-Oyanedel et al. (1991) .
nucleotide-free enzyme; (2) NMR data correlated with pH-dependent changes in nucleotide-free as well as in complexed RNase T 1 might also be needed. Investigations along these lines are in progress.
Conclusions
A quantitative analysis of a large amount of experimental NMR data enabled us to determine a high-resolution NMR solution structure of RNase T 1 , revealing subtle differences compared with the crystal structure of the enzyme. A remarkable feature of the NMR structure of RNase T 1 is the presence of multiple distinct conformations in several well-de®ned regions of the protein, the genuine nature of which has been assessed by a comparison with 15 N relaxation data. This might be somewhat surprising, with respect to the fact that we have used a structure calculation protocol that by itself does not take into account the dynamic nature of the NMR data. However, as demonstrated here, the NMR data themselves contain enough information to resolve conformational equilibria qualitatively, even without the use of rather involved time-averaged or ensemble-averaged methods. In order to exploit this information, care must be taken to translate the primary experimental data such as NOE intensities and 3 J coupling constants into restraints that have to re¯ect both the uncertainty of the primary experimental data and the dynamic nature of the protein under study. We have shown that a careful analysis of both NOE and 3 J data can provide a set of restraints with suitable precision. The accuracy of the restraints can be maintained by incorporating models of internal motions in the process of restraint generation. Conformational¯exibility was taken into account during the analysis of the calculated structure. The cluster of conformers representing the solution structure was selected by comparison with the 15 N relaxation data, avoiding an unrealistic degree of precision suggested by the cluster analysis alone. The validation of the solution structure revealed that conventional criteria, such as CRMSD values and restraint violations, as well as more thorough quality measures, such as stereochemical properties, are fairly well matched. Moreover, the agreement with the primary experimental NMR data is also quite good, indicating a high degree of accuracy for the solution structure of RNase T 1 .
Some caveats have to be mentioned, however, regarding the limits of a standard NMR structure determination protocol. An accurate translation of NOE data or 3 J coupling constants into distance restraints or torsional angle restraints requires an a priori knowledge of the dynamic properties of the molecule, thereby de®ning a circular problem.
Simpli®ed dynamic models applied independently to the NOE data and 3 J coupling constants therefore might not solve the problem of modelling conformational equilibria completely, i.e. conformation and population of the conformers. The usage of these dynamic models requires a high local information density, e.g. in order to ®t sidechain rotameric averaging models to 3 J coupling constants. Conformational variability will therefore in some cases remain undetected during the restraint generation. Unresolved conformational equilibria, e.g. an overly precise structure, may arise if a single conformation can be found that ful®l all restraints simultaneously without large violations.
All these factors eventually limit the accuracy of the solution structure of RNase T 1 presented here, and this limit is re¯ected by the residual discrepancies between back-calculated and experimental NMR data.
Materials and Methods
Sample preparation
Unlabelled as well as uniformly 15 N and 15 N/ 13 C labelled RNase T 1 in the isoenzyme form (with a lysine in position 25) was obtained and puri®ed from recombinant Escherichia coli strain DH5a/pA2T1-1 as described (Quaas et al., 1988 
NMR spectroscopy and primary experimental data
Heteronuclear NMR spectra were recorded at 313 K on Bruker AMX600, DMX500 and DMX600 spectrometers equipped with triple-resonance probes. The DMX600 spectrometer provided, in addition, a z-gradient facility. Quadrature detection in the indirectly detected dimensions was obtained using TPPI (Marion & Wu È thrich, 1983) or States-TPPI (Marion et al., 1989) . Homonuclear NMR spectra were recorded on an AMX600 spectrometer using a probe selective for 1 H. Spectra were processed and analysed using XWINNMR (Brunker, Rheinstetten), FELIX (Hare Research Inc., Woodinville), AURELIA (Bruker, Rheinstetten) and TRIAD (Tripos Inc., St. Louis) software.
NOE intensities
The following experiments were used for determination of NOE intensities: 3D-1 H-15 N-NOESY-HSQC (Stonehouse et al., 1994; Kay et al., 1992) ; 3D-backbone torsional angles. Details of the method have been described (Karimi-Nejad, 1996) . In cases where low-energy backbone conformations with positive f angles resulted from the above described procedure, the intra-residual d(H N -H a ) was used as an additional criterion (Ludvigsen & Poulsen, 1992 Since the program DIANA (Version 2.8) does not handle multiple non-overlapping intervals as a restraint for one torsional angle, we used ranges including all possible conformations, including an error margin of AE10 . No torsional angle restraint was de®ned for residues for which only the 3 1 during the structure calculations.
In our opinion, this procedure is a more accurate way of dealing with local mobility than direct J-re®nement methods (Garrett et al., 1994) , during which every generated conformer is forced to agree with the experimental J value, thereby disregarding its nature as a time-averaged or ensemble-averaged quantity. Furthermore, our approach circumvents the already mentioned dif®culties known to be associated with time-averaged or ensembleaveraged protocols (Nanzer et al., 1995; Pearlman, 1994a; Constantine et al., 1995) .
Side-chains for which all couplings were only estimates, obtained from the displacement within an E.COSY multiplet, were not subjected to the above-mentioned procedures. Instead, restraints for their w 1 angles were de®ned around the most probable staggered rotamer, using a tolerance of AE30 . Stereospeci®c assignments of the valine methyl groups in RNase T 1 have been reported (Karimi-Nejad et al., 1994) . The resonances of diastereotopic methyl groups in leucine side-chains were stereospeci®cally assigned by inspection of their 3 J HbCd couplings. In the case of Leu62, it was possible to determine a w 2 torsional angle restraint by identi®cation of the w 2 staggered rotamer.
Structure calculation and distance refinement
Structures were generated using the program DIANA including the REDAC strategy and the program GLOMSA for additional structure aided stereospeci®c assignments . Default weighting factors were attributed to the different restraint categories. The two known disulphide bridges between positions 2 and 10 as well as in positions 6 and 103 were included in the topology of the molecule. All peptide bonds were ®xed trans, except for Pro39 and Pro55, for which cis peptide bonds were identi®ed from an inspection of their sequential NOE cross-peak intensities (Wu È thrich, 1986) and their nitrogen chemical shifts (Schmidt et al., 1991) . All histidine, arginine and lysine residues were regarded to be positively charged, while the glutamate and aspartate side-chains were treated as negatively charged residues, in agreement with previously reported pH-dependent 1 H-NMR investigations (Ru È terjans et al., 1969; Ru È terjans & Pongs, 1971; Arata et al., 1976 Arata et al., , 1979 Menke, 1984) .
The structure ensemble calculated from distances derived from 3D NOE data was utilized to assign the 2D NOE cross-peaks in the homonuclear spectra, assuming that the maximal distance giving rise to an NOE is 5.5 A Ê . With the exception of non-stereospeci®cally assigned protons and methyl groups (with resolved chemical shifts), all 2D NOE intensities with a single assignment were included in a relaxation matrix calculation using the program MARDIGRAS (Borgia & James, 1990) . Unresolved diastereotopic methylene protons and methyl groups were treated as pseudoatoms.
NOE intensities with ambiguous assignments were excluded from these calculations, because the contribution of each possible NOE interaction to be observed NOE intensity cannot be estimated. During the relaxation matrix calculations internal¯exibility was taken into account for methyl groups and aromatic rings (H. . The 18-site jump model of MARDIGRAS (free rotational diffusion) was used both for intra-and inter-residual methyl distances instead of a three-site jump model, since we observed that the algorithm of DIANA does not necessarily arrange the methyl protons in energetically favourable staggered positions. Since the inertia tensor calculated from the crystal structure (Martinez-Oyanedel et al., 1991 ) is 1:1.14:1.27, we assumed isotropic rotational tumbling of the molecule with a correlation time of 5.4 ns (Fushman et al., 1994a) . The exchange of amide protons with the solvent was taken into account to obtain more accurate lower distance limits from the relaxation matrix analysis (Liu et al., 1993) . A total of 62 values for exchange rate constants of 15 N bound protons of RNase T 1 was included in the relaxation matrix calculation. Experimental and theoretical cross-relaxation rates were scaled to each other using experimental NOE intensities related to covalently ®xed distances.
The re®nement of distance restraints using MARDI-GRAS comprised several cycles of matrix calculation in conjunction with structure calculations using DIANA. The 2D NOE experiment with t m 150 ms was used for the relaxation matrix analysis because it provided the largest amount of NOE cross-peaks and the best signal to noise ratio. The 2D NOE experiments with shorter mixing times were used only to con®rm stereospeci®c assignments obtained from 3 J couplings and for an estimation of a few distance restraints involving very fast exchanging 15 N-bound side-chain protons of Arg77 and the hydroxyl proton of Tyr11. In the case of overlap of 2D NOE intensities, the upper distance limits derived from the corresponding resolved 3D NOE intensities were used during the structure calculations. The lower distance limits were excluded in this procedure to avoid distortions in the re®nement of 2D NOE-derived distances. In order to account for the conformational spread among the DIANA ensembles, the relaxation matrix re®nement was repeated using ten individual conformers of low target function values on the average. Error bounds for the distances were determined by averaging the calculated distances over the different model structures, subsequently using the standard deviation for computation of distance ranges. Upper distance limits were taken from the relaxation matrix re®nement excluding the matrix of chemical exchange, while lower distance limits were taken from relaxation matrix calculations including amide proton exchange rates (Liu et al., 1993) . It should be emphasized that this procedure is not an ensembleaveraging in the thermodynamic sense. Only the maximal distance error resulting from the use of different model structures was taken into account.
Since the assumptions about internal dynamics inherent to the MARDIGRAS calculations neglect rotational dynamics about the C a -C b bond in the case of resolved methylene resonances, possible errors may be introduced for distances to b-methylene protons involved in torsional oscillations. In the analysis of 3 J data, however, this type of¯exibility was explicitly taken into account, and the w 1 angle restraints derived from this analysis therefore re¯ect this assumption. In order to maintain internal consistency within each category of restraints, we have therefore excluded the 3 J-derived torsional angle restraints from the DIANA calculations during the distance re®ne-ment using MARDIGRAS.
The ®nal ensemble of structures was further subjected to a restrained energy minimization using the GROMOS force ®eld (van Gunsteren & Berendsen, 1987 ). An analysis of the energy-minimized structures reveals no signi®-cant changes on the coordinates. This is not surprising regarding the huge number of restraints (PDB entry R1YGWMR) allowing for only small adaptations of the geometry (Billeter et al., 1990; Berndt et al., 1996) .
Analysis of structures
Structures (PDB entry 1YGW) were visualized on Silicon Graphics Indy workstations using the program SYBYL (Tripos Inc, St. Louis). CRMSD values were obtained using facilities and de®nitions of the program DIANA , superimposing all residues to describe global precision, whereas local precision was described by CRMSD values resulting from a superposition of tripeptide segments. Backbone CRMSD values included N, C a and C H atoms. The mean RMSD values for coupling constants (JRMSD) were computed from the deviation of the ensemble averages of the back-calculated where N is the number of included residues or coupling constants, respectively. Local absolute deviations of ensemble-averaged values from experimental 3 J data were calculated, giving a measure of local structure accuracy.
Angular order parameters S(y) (Hyberts et al., 1992) were used to assess the conformational spread among the N calculated structures.
Back-calculation of 2D NOE intensities was carried out using the CORMA algorithm (Borgias & James, 1990) , employing the same parameters and assumptions as used during the MARDIGRAS calculations. The Q-factors (Withka et al., 1992) and the IRMSD values between back-calculated and experimentally determined NOE intensities of a single model structure were calculated for all NOE intensities included in the re®nement. For computation of ensemble-averaged Q-factors and IRMSD values, respectively, the theoretical NOE intensity was replaced by its ensemble average. This averaging over relaxation rates is different to averaging over distances in the ensemble of structures (Schmitz et al., 1992) . valuable hints. S. P. thanks Peter Gu È untert and He Liu for helpful discussions concerning the possibilities of the programs DIANA and MARDIGRAS, respectively. Y. K.-N acknowledges a grant from the Graduiertenfo È rderung NRW, Germany. This work forms part of the PhD thesis of S. P. and Y. K.-N.
